Abstract-In this paper, we study and compare the outage probability (OP) of a vehicular user of dual-hop moving relay node (MRN) assisted transmission, dual-hop transmission assisted by a fixed relay node (FRN), as well as of the baseline single-hop direct transmission under of co-channel interference.
I. INTRODUCTION
With the introduction of the fixed relay node (FRN) in the release 10 of the 3rd Generation Partnership Project (3GPP) Long Term Evolution (LTE) standards, relaying techniques in mobile communication systems received extensive attention recently [1] - [5] . Together with other low power nodes, such as pico and femto nodes, the FRN is a key component of heterogeneous networks introduced in release 10 of 3GPP LTE standards [2] . On the other hand, the use of moving relay nodes (MRNs) in cellular systems is still under discussion in the release 11 of the 3GPP LTE [3] . Studies have shown that by deploying coordinated and cooperative relays on top of trains, the quality-of-service (QoS) of a user equipment (UE) inside the vehicle can be significantly improved [4] . Furthermore, in [5] it was shown that dynamically deployed relays can bring large performance gains to mobile communication systems.
One of the major advantages of using MRNs is the elimination of vehicular penetration loss (VPL) which significantly reduces the signal strength. Nowadays, public transportation vehicles, e.g., buses, trams, or trains, become natural hotspots for wireless data traffic, since a large number of mobile users are using their wireless data services while commuting or traveling. This makes the signal attenuation caused by the VPL a big challenge for future wireless communication systems. Measurements show that VPL can be as high as 25 dB in a minivan at the frequency of 2.4 GHz [6] and higher VPLs are foreseeable in the well isolated vehicles of interest in higher frequency bands 1 . By using two separate indoor and outdoor antennas connected through a cable introducing negligible losses, the MRNs can reduce or eliminate VPL. Furthermore, since the MRN can create its own cell within the vehicle, it has the potential to provide very high data rates to the connected vehicular UEs. MRNs can also provide other benefits such as group handover, reducing the signaling overhead of the network, and collective channel state information (CSI) feedback for advanced backhaul design [7] .
In [8] , we showed that in a noise limited system, using MRNs can improve the spectral efficiency and lower the outage probability (OP) for vehicular UEs when the average transmit power of the base station (BS) and the relay node (RN) is fixed. In this study, we extend our analysis to a scenario that the communication is corrupted by co-channel interference (CCI). This can be seen as a worst case scenario, since in practice CCI can be partly reduced by using various Inter Cell Interference Coordination (ICIC) techniques. We investigate a general scenario that considers deploying MRNs on top of public transportation vehicles, i.e., buses, trams or trains, and compare the OP performance of a vehicular UE of the dual-hop FRN and MRN assisted transmission and the baseline direct single-hop BS-to-UE transmission. Moreover, different links are modeled by considering different propagation conditions. To facilitate our comparisons, we numerically optimize the FRN position to minimize the average end-to-end OP for the vehicular UE. We show that as the VPL increases, an MRN is better at lowering the OP of vehicular UEs than the BS-to-UE direct transmission as well as the FRN assisted scheme. Hence the use of MRNs is very promising for future mobile communication systems. This paper is organized as follows. In Section II we present the system models followed by propagation models and outage analysis in Section III. In Section IV, techniques used to optimize the FRN position in the presence of CCI are introduced and the optimal FRN position that minimize the average endto-end OP at UE is obtained. In Section V, we present the OP performance of the considered schemes and Section VI concludes the paper.
II. SYSTEM MODEL
We consider the downlink of an RN assisted system with two cells: one primary cell where the OP performance at the vehicular UE is investigated and one interfering cell (see Fig. 1 ). For convenience, we label all the nodes in the primary cell with number 1 and nodes in the interfering cell with number 2. We assume that all transmitters, i.e., BSs, FRNs and MRNs, are transmitting at fixed average power and no power control schemes are considered. The BSs in both cells It is assumed that both the MRN and the FRN are decodeand-forward (DF) and half-duplex, i.e., in the first hop the BS transmits to the RN and the RN decodes the received signal, while in the second hop the RN forwards the decoded symbol to the vehicular UE. Moreover, we assume no direct link between the BS and the UE in the RN assisted transmission. The same type of RNs are assumed to be used in the two cells, i.e., scenarios such as one cell is equipped with MRN while the other uses FRN is not considered in this work. Furthermore, in the study of RN assisted transmissions, we assume that the downlinks of the two cells are synchronized in time, which means that in both cells, the backhaul links are only active in the first time slot and access links are only active in the following slot. Thus, backhaul links and access links will not interfere with each other. In addition, we consider the impact of pathloss and small scale flat fading on the end-to-end OP at the vehicular UE.
In general, if the transmitter (TX) has an average transmit power P t and the interference source has an average transmit power P tI , the received signal-to-interference-plus-noise ratio (SINR) can be expressed as
where P r (y) denotes the received desired signal power and and P rI (y I ) is interference power at the receiver; y is the distance between the TX and the receiver (RX) and y I represents the distance between the interference source and the RX. Moreover, N 0 is the average background noise power; L (y) models the pathloss when an RX is at distance y from the TX and L I (y I ) models the pathloss when an RX is at distance y I from the interference source. In addition, h and h I represent the respective channel coefficients of the desired and interference links and will be detailed in Section III. We consider a flat fading environment. In wideband systems employing orthogonal frequency-division multiple access (OFDMA), this setup can be seen as a subchannel or a subchannel group whose bandwidth is much smaller than the coherence bandwidth of the channel [9, Ch. 12] .
In (1), V and V denote the VPL affecting communication, where 0 < V ≤ 1, 0 < V ≤ 1. We assume that both vehicles have the same VPL of a value ε. The RNs are assumed to be deployed outdoors, so no VPL affects the backhaul links of the RN assisted transmission, i.e., V R bk = V R bk = 1. For the direct transmission, and the FRN access link, obviously we have
For the MRN assisted transmission, as we assumed the antenna communicating with the UE is deployed inside the vehicle, there is no VPL affecting the desired signal, i.e., V Mac = 1; however, the interfering signal of the MRN access link is attenuated twice by both vehicles, which gives V Mac = ε 2 .
III. PROPAGATION MODELS AND OUTAGE ANALYSIS

A. Propagation Models
In this section, we discuss the different propagation models employed for each of the links. For BS to UE direct transmission and the access link of an FRN, a non-line-ofsight (NLOS) propagation environment is considered. For the backhaul link of an FRN, we consider a line-of-sight (LOS) propagation environment. This is motivated that if we have a proper site planning, the probability for the FRN backhaul link to have a LOS connection is relatively high. The interference of the FRN backhaul link, i.e., BS2 to FRN1, is considered as NLOS, since the FRN is far away from the interfering BS and LOS probability in this case is very low (see [10, The pathloss L (y) between a TX and an RX depends on several factors, e.g., antenna heights, propagation conditions, etc., and is usually determined by measurements [9, Ch. 4] . In this study, a carrier frequency of 2.0 GHz is considered. The pathloss models can usually be expressed as
where A is the pathloss exponent, B is the pathloss constant and y is the distance between TX and RX in kilometers. For direct and FRN assisted transmissions, we follow the pathloss models given in [10] . Regarding the MRN assisted transmission, the pathloss of the backhaul link and its interference are modeled in the same way as the direct transmission. For the access link, since the distance between the MRN and the UE is short (up to around 5 meters), and there is almost always a LOS link, we simply assume a constant power loss G which includes the effect of pathloss and fading. We set G = −84 dB which approaches the measurement lower bound shown in [11] in the presence of fading. As for the interference between the access link of two MRNs, i.e., MRN2 to UE1, we use the LOS COST 231-Walfish-Ikegami pathloss model [12, Ch. 7] . This is considered to be the worst case scenario since lower interference power is expected for the NLOS transmission.
The values of A and B for different propagation scenarios are summarized in Table I . It is worth mentioning that pathloss models are usually valid when the distance between a TX and an RX is greater than a certain value, also known as the break point [9, Ch. 4] . As the detailed pathloss modeling is out of the scope of this study, for simplicity, within the break point, we conservatively assume that the pathloss is constant and equals the pathloss at the break point distance, i.e., L (y) = L (y break ) , y ≤ y break .
The amplitude of the channel coefficients are considered to be Rayleigh distributed in a NLOS propagation environment and to be Rician distribution with different K factors in the LOS propagation environment [9, Ch. 5] . Based on the studies of stationary feeder links in typical urban scenarios [13, pp. 17-18], we consider K F bk = 10 for the FRN backhaul in this study. On the other hand, for the street level LOS propagation, the K factor depends on the distance between the TX and the RX. In our study, we adopt the model given in [13, pp. 73 ] and the K factor for the interference to access link of the serving MRN is given as follows.
B. Outage Analysis
In the presence of fading, there is always a probability that the received SINR γ falls below a given threshold γ th , which is usually referred as OP. For direct transmission, the end-toend OP at the UE is given as
On the other hand, in a half-duplex DF RN-assisted system, outage takes place if either the backhaul or access link is in outage. Thus, in the FRN or MRN assisted transmission, OP can be expressed as
The threshold γ thD or γ thR varies according to different QoS requirements, e.g., a minimum error rate or a minimum data rate. In this study, the threshold is chosen based on the achievable rate in an LTE system investigated in [14] as
where B ef adjusts for the bandwidth efficiency of the system, γ ef corrects the SINR implementation efficiency of the system and η is a correction factor that is usually set to 1. In a single-input-single-out (SISO) LTE system with fast time and frequency domain packet scheduling, B ef and γ ef are found both to be 0.62 [14] . According to (6), if we require an end-to-end rate of R, the threshold γ thD for direct transmission is given as
On the other hand, in a half-duplex DF RN assisted transmission system, if we require an end-to-end rate of R, both the backhaul link and the access link should support at least a rate of 2 R. Thus, the threshold is
IV. OPTIMIZING THE USE OF FRNS
In order to profit from the FRN and fairly compare the performance between the FRN assisted transmission and the other schemes, the FRN should be deployed in an optimal position that minimizes the average end-to-end OP at the UE, which is given as
where E [·] denotes expectation and f x1 (x 1 ) is the probability density function (pdf) of the UE distance distribution. The probability of a UE being at a certain position in a cellular system is related to the distance between the UE and BS as well as other factors [9, Ch. 17 ]. Since we consider vehicular UEs moving along a road (see Fig. 1 ), it is reasonable to assume a uniform position distribution of the UE. Therefore, we have
By substituting (10) into (9), we obtain
Thus, the optimal FRN position is obtained as
In order to solve problem (12), P out (d, x 1 , γ thR ) needs to be determined. As mentioned in Section III-B, in a halfduplex DF RN-assisted system, outage takes place if ether the backhaul or access link is in outage. Hence, we have
where F γ bk (d, γ thR ) and F γac (d, x 1 , γ thR ) are the cumulative distribution function (cdf) of the received SINR of the backhaul link and access link, respectively. The derivations of F γ bk (d, γ thR ) and F γac (d, x 1 , γ thR ) are given in the Appendix as
, (14) where K F b is the Rician K factor of the BS-FRN link and
. (15) Hence, the OP at a given UE position can be obtained by plugging (14) and (15) into (13); however, the analytical solution to the optimization problem in (12) is not straightforward. In our study,d opt is obtained numerically by a grid search with a resolution of 0.1 meters and an inter-site distance of 1732 meters, i.e., D = 866 m, is considered. Other employed parameters are given in Table II . Fig. 2 shows the optimal FRN positiond opt against different VPLs. As VPL grows, d opt tends to move closer to the BS. This is due to the fact that, in order to compensate for the loss introduced by VPL, the FRN needs to be placed close to its serving BS to minimize the interference of the access link from the interfering FRN.
V. PERFORMANCE EVALUATION
In this section, we evaluate vehicular UE's OP of the considered schemes, i.e., direct transmission and FRN and MRN assisted transmission. The employed evaluation parameters are based on [10] and summarized in Table II For the direct transmission and FRN assisted transmission, the SINR at the FRN1 or the UE1 in the primary cell does not depend on the position of UE2 x 2 . For the MRN case, however, the interference level experienced by UE1 depends on the position of UE2. Thus, for the evaluation of the MRN assisted transmission, we consider two setups: 1) UE2 is dropped uniformly in the interfering cell, and we obtain the average OP of UE1 in the primary cell by using the Monte Carlo method; 2) We place UE2 at the cell edge of the interfering cell, i.e., the nearest point to the primary cell, and obtain the OP of UE1. The second case can serve as the worst case scenario for the MRN performance, as it represents the largest interference that UE1 may experience from MRN2.
We move UE1 from its serving BS to the cell edge and plot its OP as a function of the distances from the serving BS for the considered setups. Figs. 3-5 show the average OP for UE1 at different positions from its serving BS with different VPLs. As we can see from the figures, the OPs of the UE with direct transmission and FRN assisted transmission increase significantly as VPL increases. When there is no VPL (Fig. 3) , the direct transmission always gives the lowest OP. This is mostly due to the half-duplex loss of RN assisted schemes. As the VPL increases to 10 dB, the MRN and direct transmission almost have the same OP at the UE and when the VPL increases to 30 dB, the MRN assisted transmission significantly outperforms the direct transmission. On the other hand, the vehicular UE can only benefit from FRN assisted transmission when it is close to the FRN. This is mainly due to the low transmit power nature of the FRN, the half-duplex loss and the VPL.
Moreover, the interference power from the interfering MRN access link is attenuated twice by each of the vehicles. This effect can be observed by comparing the MRN worst case and MRN average case in Fig. 3 . When there is no VPL, the quality of the MRN access link is significantly lowered, as there is no attenuation on the interference from the interfering cell. But as VPL increase, the interference generated by the access link of the interfering MRN can be well isolated inside the vehicle. As shown on Figs. 4-5, the difference between the MRN worst case and the MRN average case is barely noticeable. Therefore, the backhaul link is the bottleneck link that limits the performance of the MRN assisted transmission. If the reliability of the backhaul link is improved [7] , lower OP can be expected at the UE.
Regarding to the FRN assisted transmission, we notice that only when there is no VPL (Fig. 3) , the FRN can offer a better throughput than the direct and MRN assisted transmission when the vehicular UE is near to it. However, since the FRN is originally designed either to extend the cell coverage or increase the capacity of certain hotspot areas in cellular systems rather than to assist the vehicular UEs [2] , the average high end-to-end vehicular UE OP of the FRN assisted transmission is not unexpected. It is worth mentioning that, as described in Section III, we model the backhaul link of the FRN assisted transmission as LOS but its interference is modeled as NLOS. This is the best case one can expect for the FRN assisted transmission but even with these assumptions, the contribution of FRN to the vehicular UE is very limited. Another thing that is worth mentioning is that the MRN is assumed to operate at a much lower transmit power than the FRN, but it serves vehicular UEs better than the FRN assisted transmission on average. Thus from an energy efficiency point of view, MRN is also a better choice for serving vehicular UEs.
VI. CONCLUSIONS
In this paper, we compared the end-to-end outage probability (OP) at the vehicular user equipment (UE) of single-hop direct transmission (baseline case), and dual-hop transmission via a moving relay node (MRN) as well as a fixed relay node (FRN). For a fair comparison, we numerically optimized the position of the FRN, which minimizes the average end-toend OP at the vehicular UE. We showed that in the case of moderate to high vehicle penetration loss, an MRN deployed on top of a public transportation vehicle can bring significant enhancement to the quality-of-service of the vehicular UE. Thus, MRNs have a very good potential to boost performance of future mobile communication systems. Moreover, in the RN assisted transmission, we assume the access links are only deteriorated by the interference from other RN nodes and not from the BS. However, in practical systems, depending on the employed Inter Cell Interference Coordination techniques, the access links may be subjected to the interference from both the BS and RNs which may result in higher OPs at the UE. In order to fully understand the behavior of the RN assisted transmission, more sophisticated system level simulations need to be conducted. 
APPENDIX
The outage probability (OP) is the probability that the received signal-to-interference-plus-noise ratio (SINR) falls below a given threshold γ th , which can be written as
where x is the desired signal power from the transmitter, y is the interference power from the interferer and N 0 is the average background noise power. The OP is the value of the cumulative distribution function (cdf) of the received SINR, when a threshold γ th is given. In this paper, we only consider a single interferer and the cdf of the received SINR is calculated as follows. The expression (16) can be re-written as Regarding the FRN access link, the desired and interfering channel coefficients are considered to be independent and not identically distributed (INID) and both follow a Rayleigh distribution. Hence, the received power of the desired signal and the power of the interference signal follow INID exponential distributions [9, Ch. 4] , which is given as,
where P r is the average received signal power based on pathloss alone. Similarly we have f ya (y a ) = 1
where P rI is the average received power from the interferer based on pathloss alone. By inserting (19) and (20) into (18), we can obtain the cdf of the access link as follows.
F γac (γ th ) = 1 − P rac P rac + P rI ac γ th exp − γ th N 0 P rac .
As for the backhaul link of the FRN assisted transmission, the amplitude of the desired signal is Rician distributed which results in a gamma distributed received signal power [9, Ch. 4] while the power of the interference signal follows the exponential distribution. However, in this case, an exact closed form of the received SINR distribution cannot be obtained by using (18) [15] . But due to the relatively small inter-site distance, low noise figure  2 and the high BS transmit power, the interference power is much larger than the background noise power, i.e., y N 0 . Thus, the outage probability of the backhaul link can be approximated as P out bk = Pr x b y b + N 0 < γ th ≈ Pr x b y b < γ th .
The OP for a Rician distributed desired signal and a Rayleigh distributed interferer with negligible background noise is studied in [15] and the cdf of the received SINR is F γ bk (γ th ) = P rI bk γ th P rI bk γ th + P r bk exp − K P r bk P rI bk γ th + P r bk .
